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Histone variant H2A.Z is required for early mammalian development
Renate Faast*, Varaporn Thonglairoam*, Thomas C. Schulz*,
Jacquie Beall*, Julian R.E. Wells*¶, Helen Taylor†, Klaus Matthaei†,
Peter D. Rathjen*‡, David J. Tremethick† and Ian Lyons*§
Fundamental to the process of mammalian Results and discussion
H2A.Z is a variant of H2A that is essential for the survivaldevelopment is the timed and coordinated
regulation of gene expression. This requires of Drosophila [4] and Tetrahymena [5] but not for simple
eukaryotes such as fission yeast [6]. Intriguingly, part oftranscription of a precise subset of the total
complement of genes. It is clear that chromatin the region of H2A.Z that confers its unique properties
is buried deep inside the nucleosome, and this findingarchitecture plays a fundamental role in this
process by either facilitating or restricting suggests a role in chromatin stability or folding [7]. In
addition to its primary sequence, H2A.Z differs from ma-transcription factor binding [1]. How such
specialized chromatin structures are established to jor H2A in other significant ways. While core histones are
synthesized at S phase and constitute about 90% of totalregulate gene expression is poorly understood. All
eukaryotic organisms contain specialized histone histones, H2A.Z synthesis persists throughout the cell
cycle at a level of about 10% that of H2A in Chinese-variants with distinctly different amino acid
sequences that are even more conserved than the hamster ovary cells [8]. H2A is encoded bymultiple genes
lacking introns, whereas the single mouse H2A.Z genemajor core histones [2]. On the basis of their highly
conserved sequence, histone variants have been copy contains five introns. The Drosophila and Tetrahy-
mena genes contain three and two introns, the positionsassumed critical for the function of mammalian
chromatin; however, a requirement for a histone of which have been conserved, respectively [9]. H2A.Z
has been implicated in transcriptional regulation since invariant has not been shown in mammalian cells.
Mice with a deletion of H1 have been generated by Tetrahymena [10] it is found only in the active macronu-
cleus, while in Drosophila [11] H2A.Z is localized to in-gene targeting in ES cells, but these mice show no
phenotypic consequences, perhaps due to terband domains of polytene chromosomes. To determine
whether H2A.Z has a role in mammalian development,redundancy of function [3]. Here we show for the
first time that a mammalian histone variant, H2A.Z, we used the targeting vector shown in Figure 1a to pro-
duce mice deficient in H2A.Z. Figures 1b and 1c showplays a critical role in early development, and we
conclude that this histone variant plays a pivotal role the Southern blots used for identification of the targeted
ES cell clones and mice, respectively. Heterozygousin establishing the chromatin structures required
for the complex patterns of gene expression (H2A.Z/) mice appeared normal and were fertile; how-
ever, of the 52 animals obtained by intercrosses, noneessential for normal mammalian development.
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fromday 4.5 onward features proliferation, complex differ-
entiation, and reorganization of the ICM from a ball of
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Figure 1 Figure 2
H2A.Z null phenotype is observed around the time of implantation.
(a) Blastocysts (3.5–4.5 d.p.c.) and postimplantation embryos (6.5
d.p.c.) were isolated and genotyped by the PCR strategy shown in
Figure 1c after analysis of their morphology. (b) Blastocysts (3.5
d.p.c.) were individually collected, and their zonae pellucida were
removed. After 7 days in culture, outgrowths were photographed
and then genotyped.
Targeting strategy and genotyping of cells, mice, and embryos. (a) cells into an epithelialmonolayer (the primitive ectoderm)
Targeting vector replaces a 0.75 kb MluI/BstEII fragment with a 1.7 followed by gastrulation. During this period of very rapid
kb pGKneo pA cassette. Homologous genomic DNA (18.6 kb) flanks cell division, mutant embryos failed. At day 5.5 and daythe neo cassette. Exons are depicted as black boxes within the
6.5, mutant embryos were significantly underrepresented,unshaded intronic regions. Restriction enzyme sites are indicated (B,
BamHI; Bs, BstEII; M, MluI; S, SalI; and X, XbaI). Probes used for displayed obvious degeneration, and bore no resemblance
Southern analysis are shown as hatched boxes. (b) Southern analysis to their wild-type littermates (Figure 2a). By 7.5 d.p.c.,
of homologous recombination events. (i) Genomic DNA from ES no mutant embryos were detected, and approximatelycell clones was digested with BamHI and hybridized with probe A.
25% of embryos had been resorbed.An 18 kb fragment indicative of homologous recombination was
introduced into 17 of 305 neomycin-resistant clones. Clones carrying
a single copy of the targeting vector in a precisely targeted allele Blastocysts (3.5 d.p.c.) from wild-type crosses and inter-
were identified with an external probe 5 to the targeting construct crosses were assessed via immunohistochemistry with anand a probe specific for the neo-coding region (data not shown).
(ii) A male chimera had 100% ES cell contribution to the germ line,
and heterozygous offspring were identified by Southern blot analysis
of XbaI-digested tail DNA hybridized to Probe C. The wild-type and
and two allele-specific primers (H4 and N13), which yielded productsthe mutated H2A.Z alleles were detected as 3.6 kb and 4.7 kb
of 210 bp (wild-type) and 976 bp (targeted). M, molecular weightfragments, respectively. (c) PCR analysis allowed the genotyping of
markers generated by digesting pUC19 with HpaII.h2a.z/ intercross blastocysts. Wild-type and mutated alleles were
amplified simultaneously with a primer common to both alleles (H6)
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Table 1
Offspring from heterozygote intercrosses.
H2AZ genotype
number (% of total genotyped) Not genotyped
Stage of
development n (/) (/) (/) Resorption Not dissected No PCR result
3.5 d.p.c. 87 22 (34.9%) 30 (47.6%) 11 (17.5%) (a) 24
4.5 d.p.c. 48 12 (28.6%) 25 (59.5%) 5 (11.9%) (a) 6
5.5 d.p.c. 61 13 (31.7%) 27 (65.9%) 1 (2.4%) (b) 17 3
6.5 d.p.c. 87 13 (20.3%) 45 (70.3%) 6 (9.4%) (c) 9 8 5
7.5 d.p.c. 47 13 (38.2%) 21 (61.8%) 0 (b) 12 1
Neonatal 52 14 (27.5%) 37 (72.5%) 0 (c) 1
(a) Southern blots, and embryonic material was genotyped by PCR. Somenot significant P(1:2:1)  0.1
(b) significant P(1:2:1)  0.005 individuals were not genotyped because of failure of the PCR reaction,
(c) while a proportion of dissections at day 5.5 and day 6.5 yieldedsignificant P(1:2:1)  0.0005
H2AZ/ mice were maintained by serial backcrossing of male insufficient embryonic material for analysis. By day 6.5 and day 7.5 some
heterozygotes with BALB/c females. Neonates were genotyped by embryos had been resorbed, leaving visible implantation sites.
antibody specific for the C-terminal domain of H2A.Z. embryos (Figure 3). We conclude that if H2A.Z protein has
been maternally loaded it has been depleted by 3.5 d.p.c.H2A.Z was observed in the nuclei of the ICM and troph-
ectoderm cells of wild-type blastocysts (Figure 3). While
less protein was present in the nuclei of heterozygous To distinguish the requirement for H2A.Z in embryos
blastocysts, H2A.Z protein was not detected in mutant constrained by precise developmental programs from the
cellular requirements for proliferation and survival, we
cultured blastocysts from intercrosses in vitro. BlastocystsFigure 3
were collected at 3.5 d.p.c. and cultured for 7 days (Figure
2b). During this period embryos hatch from the zona
pellucida and attach to the plastic substrate. Normal em-
bryos proliferate vigorously, with a monolayer of trophec-
toderm-derived cells spreading across the plastic. On
these cells a three-dimensional layer of ICM-derived cells
grows out and begins to differentiate. In contrast, mutant
embryos hatched and attached to the substrate normally,
but by 3 days the outgrowths were smaller. After 4 days
in vitro, the ICM-derived cells were not visible, and troph-
ectoderm cells were fewer at this stage and failed to prolif-
erate, though they persisted beyond day 7. This failure
is consistent with our inability to generate H2A.Z / ES
cells (unpublished). The continued existence of trophec-
toderm cells in the absence ofH2A.Z (Figure 2b) indicates
that H2A.Z is not essential for cell survival. Similarly,
H2A.Z does not play a crucial role in unicellular fission
yeast [6].
To confirm that H2A.Z is essential for early mouse devel-
opment, we used a double-stranded RNA (dsRNA) ap-
proach. Recently, it was demonstrated that the injection
of dsRNA into a single-cell zygote specifically interfered
with gene-specific expression in culture [12]. To repro-
duce this study and substantiate the use of dsRNA, we
generated a transgenic mouse strain that expresses EGFP
under the control of the CMV promoter. In embryos het-
H2A.Z protein is absent in 3.5 d.p.c. embryos. Immunohistochemistry erozygous for the paternally derived transgene, the injec-
of blastocysts derived from a wild-type (/) mating (I) and an tion of EGFP dsRNA prevented the appearance of greenH2A.Z heterozygous (/) intercross (II) was performed with mouse
fluorescence at the two- to four-cell stages and did notmonoclonal antibodies raised against a C-terminal peptide of H2A.Z,
as described in the Materials and methods section. interfere with the normal development of injected single-
cell zygotes (data not shown). Consistent with the above
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Figure 4
H2A.Z dsRNA inhibits mouse embryo
development in culture. Single-cell zygotes
were injected with EGFP or H2A.Z dsRNA,
and the development of injected embryos
was monitored. Following 2–3 and 4–6 days
in culture, the number of morula and hatched
blastocysts, respectively, were scored. Shown
are the results for two independent
experiments. Left panel: the percent of
embryos that reach the morula stage,
injected with EGFP dsRNA (17/21 and 16/
20 of injected embryos) or H2A.Z dsRNA
(17/20 and 15/20 of injected embryos). Right
panel: the percent of embryos that develop
from morula to blastocysts and that attach to
the plastic substrate; the embryos were
injected with EGFP dsRNA (5/7 and 6/9 of
injected embryos) or with H2A.Z dsRNA (2/
8 and 2/13 of injected embryos).
gene-targeting experiments, injection of H2A.Z dsRNA the (H3-H4)2 tetramer [7]. This implies that the directed
replacement of H2A with H2A.Z and the consequentinto single-cell heterozygous zygotes did not interfere
with development to the morula stage (Figure 4). After alterations to the interface between the histone H2A-
H2B dimer and the histone (H3-H4)2 tetramer may alter6 days in culture, the majority of embryos reached the
blastocyst stage but failed to attach and outgrow on the nucleosome stability or packaging. This would lead to
localized chromatin structures in which genes packagedplastic substrate (Figure 4). We therefore conclude that
H2A.Z dsRNA inhibits normal development in culture into H2A.Z-containing nucleosomes are more transcrip-
tionally permissive; this is an essential requirement forat a time similar to when H2A.Z/ embryos fail.
many cellular functions during early development, as
demonstrated here.This report demonstrates, for the first time, that a specific
histone variant is essential for mammalian development.
The potential for maternal loading of H2A.Z mRNA or Materials and methods
protein has precluded our addressing the question of Construction of the targeting vector
The targeting vector was constructed from sequences subcloned fromwhether H2A.Z is required during preimplantation devel-
an E14TG2a ES cell line genomic library [13]. Two overlapping clonesopment. The H2A.Z message is present in oocytes and
(p129ES and p129KS) spanning a total of 19.5 kb were used in thethroughout preimplantation development (data not shown). construction of the targeting vector that included 8.3 kb 3 homology
We conclude that differentiation and cleavage can pro- and 9.5 kb of 5 homology. A 0.72 kb MluI-BstEII fragment containing
part of the h2a.z promoter region and all of exons 1 and 2 were replacedceed in the absence of embryonic H2A.Z transcription
by a 1.7 kb EcoRI/HindIII fragment containing a neo-resistant cassetteand lead to the formation of normal H2A.Z/ blastocysts.
(pgkNEO). This new fragment is driven by the mouse phosphoglycerateProtein levels were severely diminished by 3.5 d.p.c., kinase-1 promoter and inserted in the opposite transcriptional orientation
whereas embryonic defects were not observed until shortly to h2a.z.
after implantation, during a period of rapid cellular prolif-
eration and differentiation. This implies a requirement Gene targeting in ES cells
The targeting vector, linearized with SalI, was transfected into E14 ESfor H2A.Z protein in a specific function, related to de-
cells (derived from mouse strain 129/Ola). Clones in which a singlevelopmental stage, differentiation, or proliferation. Out-
copy of the targeting construct disrupted an H2A.Z allele were identified
growths from mutant blastocysts also failed to generate by Southern blot analysis with 5 and 3 external probes and with a
proliferating cell types of either embryonic or extraembry- probe specific for the neo-coding region (Figure 1a,b). Microinjection
of a targeted clone into CBAC57B/6J F1 blastocysts yielded one maleonic lineages.
chimera capable of transmitting the mutated allele. The mutation was
maintained by serial backcrossing to BALB/c females. Heterozygous
The critical role of H2A.Z in early development strongly (h2a.z/) offspring were genotyped by Southern blot analysis of tail
supports the notion that the establishment of functionally DNA (Figure 1c). Mice used in this analysis were from the second and
third generations (neonates) and fifth and sixth generations (pretermdistinct chromatin structures is fundamental to develop-
analysis).ment. Tetrahymena [10] andDrosophila [11] studies suggest
that these distinct chromatin domains are associated with
Genotype analysis of embryos by PCRtranscription. The region of H2A.Z required for its essen- Blastocysts (3.5–4.5 d.p.c.) were collected by uterine flushing. Postim-
tial function maps to the carboxy-terminal domain, known plantation embryos (5.5–7.5 d.p.c.) were dissected from their decidua,
and the Reichert’s membrane and the ectoplacental cones were re-to be important for docking the H2A-H2B dimer with
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from S-phase histone synthesis in dividing cells. Cell 1981,moved. Preimplantation embryos were lysed at 98C for 10 min (in 10
27:321-330.l of PBS diluted 1:1 with water) and then cooled to 4C before being
9. van Daal A, White EM, Elgin SCR, Gorovosky, MA: Conservationsubjected directly to PCR amplification. Blastocyst outgrowths and post-
of intron position indicates separation of major and variantimplantation embryos were digested overnight in PBS diluted 1:1 with
H2As is an early event in the evolution of eukaryotes. J Mol
water and in 1 mg/ml proteinase K prior to incubation at 98C for 10 Evol 1990, 30:449-455.
min [14]. The lysed cells were added to a 50 l reaction mix containing 10. Stargell LA, Bowen J, Dadd CA, Dedon PC, Davis M, Cook RC, et
25 mM Tris-HCl (pH 9.1), 16 mM (NH4)2SO4, 500 M dNTPs, 100 ng al.: Temporal and spatial association of histone H2A variant
primer, and 2 units Taq/Pfu (80:1) DNA polymerases (Stratagene). They hv1 with transcriptionally competent chromatin during
nuclear development in Tetrahymena thermophila. Geneswere then hot started at 70C with 2.5 mM MgCl2 and denatured at
Dev 1993, 7:2641-2651.94C for 3 min, followed by 45 cycles of 94C for 30 s, 60C for 1 min, and
11. Donahue PR, Palmer DK, Conie JM, Sabatini LM, Blumenfield M:70C for 2 min. Both wild-type and mutated alleles were simultaneously
Drosophila histone H2A.2 is associated with the interbandsamplified with two 5 primers, one complementary to exon 2 of the h2a.z
of polytene chromosomes. Proc Natl Acad Sci USA 1986,gene (5-CGTGGAATTCTAAGGCTGGAAAGGACTCCGGAAAG-3) 83:4744-4748.
and the other to the neo gene (5-CGGCAGGAGCAAGGTGAGATGA 12. Wianny F, Zernicka-Goetz M: Specific interference with gene
CAGGAGAT-3), in conjunction with a common 3 primer (5-AGTATT function by double-stranded RNA in early mouse
CACTGTCTCCGCAGGGCCAAGTCG-3) complementary to part of development. Nat Cell Biol 2000, 2:70-75.
13. Thonglairoam V: Histone gene “knockout” in mouse embryonic stemintron 2.
cells. PhD thesis, University of Adelaide, Adelaide, South Australia,
Australia; 1994.
In vitro development of blastocysts 14. Haegel H, Larue L, Ohsugi M, Fedorov L, Herrenknecht K, Kemler,
Blastocysts (3.5 d.p.c.) were collected by uterine flushing and photo- R: Lack of beta-catenin affects mouse development at
gastrulation. Development 1995, 121:3529-3537.graphed prior to removal of zonae pellucida with acid Tyrode’s solution
15. Hogan B, Beddington R, Constantini F, Lacy E: Manipulating the[15]. Embryos were cultured individually in gelatin-coated microwells
mouse embryo: a laboratory manual. Cold Spring Harbor, New(1.5 cm2) in DMEM (containing 15% FBS and 4.5 g/l glucose and
York: CSH press; 1994.supplemented with amino acids and nucleosides) [16] in 10% CO2 16. Robertson, E.J.: Embryo-derived stem cell lines. Inat 37C. After 6 days in culture, outgrowths were photographed and Teratocarcinomas and embryonic stem cells: a practical
harvested for genotyping by PCR. approach.Edited by Robertson EJ. Oxford, UK: IRL Press; 1987:71-
112.
17. Quinn P, Warner GM, Kerin JR, Kirby C: Culture conditionsImmunohistochemistry of blastocysts and outgrowths
affecting the rate of in vitro fertilization and embryoPreimplantation embryos were flushed from the uterus and cultured transfer. Ann NY Acad Sci 1985, 442:195-203.
overnight in HTF [17]. Immunohistochemistry was carried out with mouse 18. Boehm T, Gonzalez-Sarmiento R, Kennedy M, Rabbitts TH: A simple
monoclonal antibodies raised against a C-terminal peptide of H2A.Z technique for generating probes for RNA in situ
(gift of M. Clarkson) and horseradish peroxidase-conjugated rabbit anti- hybridization: an adjunct to genome mapping exemplified by
mouse immunoglobulins [15]. Stained embryos were photographed and the RAG-1/RAG-2 gene cluster. Proc Natl Acad Sci USA 1991,
88:3927-3931.genotyped by PCR.
RNA synthesis, microinjections, and the culture of injected embryos were
performed in an identical manner to that described in [12]. For RNA
synthesis, the complete cDNA for mouse H2A.Z and EGFP were cloned
into the pLITMUS vector. Zygotes were derived from double transgenic
CMV EGFP Balb/C mice crossed with C57Bl/6J mice.
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